A renormalized one-loop theory (ROL) 1 is used to calculate corrections to the random phase approximation (RPA) for the structure factor S(q) in disordered diblock copolymer melts. Predictions are given for the peak intensity S(q ⋆ ), peak position q ⋆ , and single-chain statistics for symmetric and asymmetric copolymers as functions of χN , where χ is the Flory-Huggins interaction parameter and N is the degree of polymerization. The ROL and Fredrickson-Helfand (FH) theories are found to yield asymptotically equivalent results for the dependence of the peak intensity S(q ⋆ ) upon χN for symmetric diblock copolymers in the limit of strong scattering, or large χN , but yield qualitatively different predictions for symmetric copolymers far from the ODT and for asymmetric copolymers. The ROL theory predicts a suppression of S(q ⋆ ) and a decrease of q ⋆ for large values of χN , relative to the RPA predictions, but an enhancement of S(q ⋆ ) and an increase in q ⋆ for small χN (χN < 5). By separating intra-and inter-molecular contributions to S −1 (q), we show that the decrease in q ⋆ near the ODT is caused by the q-dependence of the intermolecular direct correlation function, and is unrelated to any change in single-chain statistics, but that the increase in q ⋆ at small values of χN is a result of non-Gaussian single-chain statistics.
I. INTRODUCTION
Disordered diblock copolymer melts exhibit composition fluctuations that can be measured by small angle X-ray (SAXS) and neutron (SANS) scattering experiments. Results of such experiments are often analyzed by fitting the scattering intensity as a function of wavenumber q to Leibler's random-phase approximation (RPA) theory for the structure factor S(q). 2 The RPA provides a rather accurate description of S(q) in melts of very long copolymers far from the orderdisorder transition (ODT), but fails near the ODT of nearly symmetric diblock copolymer, where strong composition fluctuations cause a breakdown of the underlying self-consistent field (SCF) approximation. 3 The scattering intensity measured by small angle scattering from AB diblock copolymer melts is proportional to the structure function S(q) = dr δc A (r)δc A (0) e iq·r , where δc A (r) represents a deviation of the number concentration of A monomers from its spatial average, and q ≡ |q|. Scattering from a disordered diblock copolymer melt generally exhibits a maximum S(q ⋆ ) at a nonzero wavenumber q ⋆ . Leibler's RPA theory predicts an inverse structure function of the form cN S −1 0 (q) = F 0 (qR) − 2χN.
(
Here, χ is an effective interaction parameter, N is the degree of polymerization, and c is the monomer number concentration. The dimensionless function F 0 (qR) has a minimum at a wavenumber q 0 = x 0 /R, yielding a corresponding maximum in S 0 (q), where R ∝ √ N is the copolymer radius of gyration and x 0 is a dimensionless number that depends upon the copolymer composition, but that does not depend on χ. Here and hereafter, we use S 0 (q) to denote the RPA approximation for S(q), and q 0 to denote the RPA prediction for q ⋆ . Eq. (1) has been found to adequately describe the qdependence of most SANS and SAXS experiments, 4, 5 and has been widely used to extract values for the interaction parameter χ(T ) as a function of temperature T . [5] [6] [7] [8] Careful comparisons of eq. (1) to both experimental and simulation results have, however, also revealed some limitations, particularly near the ODT: The RPA predicts an inverse peak intensity
sured independently. Leibler originally presented the RPA for S(q) in diblock copolymer melts as part of the more general analysis of the weak-segregation limit of the self-consistent field theory (SCFT) for such systems. 2 Leibler found that SCFT predicts a second-order (continuous) transition between the disordered and lamellar phase in the special case of symmetric diblock copolymers, and a weakly first order transition for nearly symmetric copolymers. Leibler also noted, however, that Brazovskiȋ 30 had previously analyzed a phenomenological model of transitions between a homogeneous liquid and a periodic state in systems for which Landau theory predicts a secondorder transition, and had concluded that such systems actually always exhibit a fluctuation-induced first-order transition. Brazovskiȋ also presented a theory for the dominant corrections to the Landau (or RPA) theory for S(q) near such transitions, which were found to be unusually large for this class of system. It was thus clear from the outset of interest in this subject that a more sophisticated treatment of fluctuation effects would be needed to adequately describe the vicinity of the ODT.
A. Fredrickson-Helfand Theory
The task of incorporating fluctuation effects into Leibler's theory was undertaken by Fredrickson and Helfand. 3 Fredrickson and Helfand approached the problem by constructing an approximate mapping of Leibler's theory for block copolymer melts onto Brazovskiȋ's theory of weakly first order crystallization. 30 The Brazovskiȋ and FH theories are both based upon an expression for the partition function Z as a functional integral of a composition order parameter field ψ(r), of the form
Fredrickson and Helfand began their analysis by assuming that the effective Hamiltonian in eq. (3) can be approximated by the SCFT free energy functional, while using Leibler's Taylor expansion of this quantity. We will refer to this assumption as a mean-field effective Hamiltonian (MFEH) approximation. They then introduced a variety of further mathematical approximations in order to map the SCFT free energy functional to the relatively simple phenomenological expression considered by Brazovskiȋ.
The FH theory yields a prediction for the inverse structure factor S −1 (q) as a sum
where S 0 (q) is the RPA structure factor, eq. (1), and where δS −1 (q) is given by a self-consistent equation
in which
is a normalized inverse peak intensity, and
is the so-called invariant degree of polymerization. The parameterN 1/2 that appears in eq. (5) is a measure of chain overlap:N 1/2 is proportional to the number of chains, each occupying a volume N/c, that can fit in the volume R 3 ∼ N 3/2 b 3 explored by any one chain. Values ofN in experimental studies on diblock copolymer melts near the ODT have ranged from about 500 (ref. 13 ) to 10000 (ref. 11 ), corresponding to systems with molecular weights that range approximately from 10 to 200 kg/mol.
The mathematical approximations used by Fredrickson and Helfand yield an expression for δS −1 (q) that is independent of q, as indicated in eq. (5). This yields a peak wavenumber q ⋆ equal to that predicted by the RPA. A subsequent extension of the theory by Barrat and Fredrickson 31 (BF) allowed for the possibility of a fluctuation-induced shift in q ⋆ , and predicted a peak wavenumber q ⋆ that decreases with increasing χN near the ODT, as seen in experiments and simulations.
Several experimental studies have quantitatively compared data for both the peak intensity and S(q ⋆ ) and the peak wavenumber q ⋆ for model diblock copolymer melts near the ODT to the FH and BF theories. The FH theory has been found to describe the temperature dependence of the peak intensity near the ODT reasonably well in several systems. 9, 16 Almdal et al. 17 have also compared the N dependence of q ⋆ in a series of symmetric diblock copolymers at constant temperature to the predictions of the BF theory, and also reported reasonable quantitative agreement. Notwithstanding its success in describing many aspects of the experimental results, the FH theory has several shortcomings that are inherent in how it was derived 32 : (1) The use of the SCF free energy functional as an effective Hamiltonian (the MFEH approximation) has no rigorous basis.
(2) Predictions of both the full one-loop MFEH theory and the approximation studied by Fredrickson and Helfand are very sensitive to the effects of short-wavelength (monomer scale) fluctuations that these coarse-grained theories cannot accurately describe. In the jargon of field theory, the theory is ultraviolet (UV) divergent.
(3) Mathematical simplifications introduced by Fredrickson and Helfand limit the potential range of validity of the theory to wavenumbers q ∼ q ⋆ at temperatures very near the ODT in melts of long, nearly symmetric diblock copolymers.
The UV divergence of the FH theory is a complication that was not necessarily fatal, but that was not (we think) taken sufficiently seriously in early work on this subject. Fredrickson and Helfand simply ignored all UV divergent contributions to their expression to δS −1 (q) without commenting on the existence or possible physical interpretation of the divergence, and simply reported the UV convergent parts of the resulting integrals. Such a procedure can generally be justified if and only if it can be shown that the neglected terms can be absorbed into a renormalization of the values of few phenomenological parameters, such as the χ parameter. Kudlay and Stepanow 33 later analyzed the UV divergent contributions in the MFEH theory for δS −1 (q), and asked whether they could be absorbed into a simple renormalization of the value of the interaction parameter χ, but concluded that this interpretation was untenable.
B. Renormalized Auxiliary Field Theory
More recently, several authors have contributed to the development of a set of very closely related renormalized auxiliary field theory of corrections to the RPA 1,32,34-37 that has both a more rigorous theoretical basis and a potentially wider range of validity than the FH and other MFEH theories. We will refer to this as a renormalized one-loop (ROL) theory. The present paper presents predictions of the ROL theory developed in ref. 1 for correlations in disordered diblock copolymer melts.
The way that the ROL theory is derived avoids most of the aforementioned limitations of the FH theory:
(1) The theory has a rigorous starting point: It is based on the Edwards auxiliary field representation of the partition function Z for a simple coarse-grained model.
(2) It has been shown 1 that the UV divergence of the oneloop auxiliary field theory for S(q) can be removed by a renormalization procedure in which all contributions that are sensitive to monomer scale structures are absorbed into shifts in the values of a few phenomenological parameters, i.e., of the effective interaction parameter χ and the monomer statistical segment lengths.
(3) The range of validity of the theory is not intrinsically limited to the vicinity of the ODT, or to wavenumbers near q ⋆ . The ROL theory yields a prediction for cN S −1 (q) as the sum of an RPA contribution of the form given in eq. (1), with renormalized values for the χ and b parameters, plus a universal correction of the form
No simple analytic form exists for the dimensionless function H, which is evaluated here by numerically integrating a set of related Fourier integrals (see Sec. III and App. A for details).
We have argued previously 1, 32 that the ROL theory appears to be the first correction to the RPA in a systematic expansion of an underlying universal expression for cN S −1 (q) in diblock copolymer melts as a function
that depends only on the parameters that appear in the RPA and onN . It appears that the ROL theory is part of an expansion of this underlying function in powers ofN −1/2 , in which an RPA theory with renormalized parameters is recovered in the limitN → ∞, and in which the ROL theory is the dominant O(N −1/2 ) correction. This claim is based upon a simple power counting argument 32 that shows that, if all diagrammatic contributions to S −1 (q) within an infinite series expansion 38 are organized into a loop expansion, the UV convergent part of the L-loop contribution will be multiplied by a prefactor ofN −L/2 . This argument assumes, however, that a renormalization procedure similar to what has been used to interpret and remove all UV divergent contributions from the one-loop theory for S(q) can be extended to higher-order contributions to the loop expansion. If this is so, the accuracy of the one-loop theory should increase systematically with increasingN , for any value of χN , and for asymmetric as well as symmetric copolymers.
We have also discussed the mathematical relationship between the ROL and FH predictions for S(q) in more detail elsewhere. 32 We showed that, despite differences in how these two theories were derived, they yield asymptotically equivalent results for the divergence of δS −1 (q ⋆ ) for symmetric block copolymers near the ODT, where S(q ⋆ ) is large. We found that the asymptotic behavior of the ROL prediction for δS(q * , χN ) for symmetric copolymers at q = q 0 near the spinodal χN is given by eq. (5), with the same value for the numerical prefactor B as that found by FH. The FH theory is thus a correct asymptotic approximation to the full ROL theory for symmetric copolymers, valid for long polymers sufficiently near the ODT. Significant differences between the predictions of the two theories are thus possible only for symmetric diblock further from the ODT, and for asymmetric copolymers.
II. CORRELATION FUNCTIONS
We consider a melt of AB diblock copolymers in which each chain contains N monomers, or f i N monomers of type i, where i = A or B. Let c = 1/v be the overall monomer concentration and ρ = c/N be the concentration of molecules. Let b i and l i = v/b 2 i denote the statistical segment lengths and packing lengths for monomers of type i, respectively. The fluctuating local concentration c i (r) of i monomers is given by a sum c i (r) = m,s δ(r − R mi (s)), in which R mi (s) is the position of monomer s on block i of molecule m.
We are primarily interested in the behavior of the structure factor matrix (in this section, the theory is presented using wavevectors q as arguments)
where δc i (r) = c i (r) − c i is the deviation of the monomer concentration c i (r) from its mean value c i = cf i . Analogously, we also define an intramolecular correlation function, Ω ij (q), that arise from correlations between pairs of monomers on the same chain.
To distinguish the effects of intra-and inter-molecular correlations, it is useful to introduce a generalized OrnsteinZernicke equation 1, [39] [40] [41] [42] 
in which Ω ij (q) denotes the true intramolecular correlation function (rather than the random walk approximation used by Leibler) , and C ij (q) is a direct correlation function that is defined by eq. (11) . In a dense, nearly-incompressible liquid with monomers of equal volume, we may assume that the eigenmodes of the 2×2 matrix S ij (q) for values of q of order the inverse coil size are given approximately by a fluctuating composition mode, of the form (δc A (q), δc B (q)) ∝ (1, −1), and a density fluctuation mode, of the form (δc A (q), δc B (q)) ∝ (1, 1). Fluctuations of the monomer density mode are strongly suppressed by the low compressibility of the liquid, while composition fluctuations can be quite large. In the limit of negligible density fluctuations, one can define a scalar structure function
By combining this assumption of incompressibility with the Ornstein-Zernicke equation, it is straightforward to show 1, 41, 42 that S −1 (q) may be expressed in the generalized RPA form
in which the functions
are defined by projecting Ω −1 ij (q) and −C ij (q) onto the subspace of pure composition fluctuations, where ε ≡ (ε A , ǫ B ) = (1, −1). Written more explicitly, this yields expressions
We will refer to the wavevector-dependent function χ a (q) defined above as the "apparent" interaction parameter. Despite a superficial similarity, eq. (13) is not equivalent to the RPA approximation, eq. (1). Eq. (13) simply define the functions F (q) and χ a (q), by relating these quantities to the correlations functions S(q) and Ω ij (q), without assuming anything about the behavior of these functions. The RPA is instead obtained by approximating the intramolecular correlation functions used to define F (q) by those of a Gaussian chain, and approximating χ a (q) by a parameter χ that is independent of both wavenumber q and chain length N . The most general form of eq. (1) can allow χ to exhibit an arbitrary dependence upon both temperature and composition, but would cease to have any predictive value if it also allowed for an arbitrary dependence on q and N .
III. RENORMALIZED ONE-LOOP THEORY
In this section, we briefly review the main results of the ROL theory for S(q) in diblock copolymer melts. 1 The derivation of the ROL theory is based on a coarsegrained model in which the total potential energy U is the sum of intramolecular potential U chain of a set of Gaussian chains plus a short-range non-bonded pair interaction. We consider a pair potential of the form U ij (r) = v 0 ǫ ij δ Λ (r), where δ Λ (r) denotes a short-range function with a unit integral, drδ Λ (r) = 1, and with a characteristic range of interaction Λ −1 . The interaction parameters ǫ ij are given by ǫ AA = ǫ BB = B 0 and ǫ AB = B 0 + χ 0 , where B 0 is a dimensionless compression modulus, and where χ 0 is a "bare" Flory-Huggins interaction parameter.
The one-loop approximation for S ij (q) given in ref. 1 was based on a more general diagrammatic expansion that was discussed in ref. 38 . There, the details were shown on the construction of expansions of various correlation functions in terms of cluster diagrams that represent Gaussian chains interacting via a screened interaction G. The Fourier transform G(k) of this screened interaction is given by
in which G ij (k), U ij (k) andΩ ij (k) are 2 × 2 matrices, and inversion refers to matrix inversion. This is a straightforward generalization to multi-component systems of the screened interaction introduced by Edwards to describe excluded volume interactions in concentrated homopolymer solutions. The limit of incompressible dense liquids is obtained in this formalism by taking B 0 → ∞. The one-loop approximation for S(q) is based upon an analysis of the two diagrams shown in Fig. 1 . The diagram on the left yields the one-loop contribution to the intramolecular correlation function Ω ij (q), while the one on the right yields a one-loop contribution to the direct correlation function C ij (q).
A. Intramolecular Correlations
The one-loop theory predicts an intramolecular correlation function
in whichΩ ij (q) is the correlation function for a gas of noninteracting Gaussian chains. The correction ∆Ω ij (q) arising from interactions is given by a Fourier integral
Here and hereafter, summation over repeated subscripts is implicit, and k ≡ (2π) −3 dk. The four-point function
in whichß kl (k) ≡Ω kl (k)/ρ is a single-chain correlation function, normalized by the molecular density ρ = c/N , and ß
is an analogous single-chain four point function for monomers within blocks i, j, k, and l.
1 The physical content of eq. (21) is shown schematically in the left diagram of Fig. 1 , in which the curve represents a single chain, along which two segments interact via a screened potential G.
Diagrams illustrating the effects of the screened intra-(left) and inter-(right) molecular interactions on the correlations of segments of type i and j. Additional segmental indices k, l, m, n runs through the whole chain. k and q are wave vectors for the interactions or correlations, and k± ≡ k ± q 2 is one particular choice made to conserve momentum.
The integral in eq. (21) is ultraviolet (UV) divergent: The value of the Fourier integral in this equation is dominated by contributions of large wavevectors, and diverges in the absence of a high-k cutoff. If the range of k is restricted to |k| < Λ, the value of the integral increases linearly with the cutoff wavenumber Λ for ΛR g ≫ 1.
It was shown in the previous work, 1 however, that this type of sensitivity of the one-loop prediction for Ω ij (k) to short-wavelength correlations can be entirely attributed to the change in the value of the effective statistical segment length. Specifically, it was shown that the ROL result for Ω ij (q; Λ) with a cutoff wavenumber Λ is consistent with an expression of the form
in whichΩ ij (k; b) is the correlation function for a Gaussian chain with a cutoff-dependent statistical segment length b(Λ) that is different than that of a polymer in vacuum, as the result of interactions between polymers in a dense liquid, and in which δΩ ij (q) is a small cutoff-independent correction to Gaussian statistics. The treatment of intramolecular correlations used here is a generalization of the results of Wittmer, Beckrich et al., 35, 36, 43 who used a equivalent form of ROL theory to successfully predict universal corrections to Gaussian chain statistics for homopolymers in a dense melt. In a diblock copolymer melt, the predicted correction to the random-walk model for Ω ij (q) is given by a function of the form
and is smaller than the ideal gas contributionΩ ij (q) by a prefactor ofN −1/2 . Here,ß ij is a dimensionless function that, in the case of interest here, can only be evaluated numerically, by a procedure outlined in App. A. The corresponding correction to the random walk model for F (q) is given by
This is the expression that we use to evaluate the intramolecular one-loop correction to S −1 (q).
B. Direct Correlation Function
The one-loop theory yields an expression for the apparent χ-parameter as a sum
ijk is a three point intramolecular correlation function for monomers within blocks i, j and k of a Gaussian diblock. The physical content of eq. (28) for Σ ij is shown schematically by the right diagram of Fig. 1 , in which two pairs of segments along two chains interact via the screened interaction G.
The integral in eq. (28) for Σ ij (q) is also UV divergent, and so yields a UV divergent expressions for ∆χ a (q). It was shown in ref. 1 , however, that the divergence of this quantity could be interpreted as a renormalization of the interaction parameter. It was shown that, in a model with equal A and B statistical segment lengths, the one-loop prediction for χ a (q) may be written as a sum of the form
in which χ e (Λ) is a cutoff-dependent effective interaction parameter that is independent of both q and N , and δχ a (q) is a cutoff-independent correction. The correction δχ a (q), which depends upon both q and N , represents a correction to the phenomenology predicted by the RPA, rather than merely a correction to the value of the interaction parameter. It was found that this quantity is given by a function of the form
where δχ a is a dimensionless function that we calculate by numerical integration.
C. Self-Consistent Approximation
The FH theory for S(q) in the disordered phase is based on a self-consistent one-loop, or Hartree, treatment of fluctuations. Such an approximation is obtained by starting from a perturbative one-loop approximation for δS(q), in which δS(q) is initially expressed as a Fourier integral involving the RPA or "bare" correlation function S 0 (q), and then replacing S 0 (q) by the self-consistently determined correlation function S(q) throughout the expression for δS(q). The use of this approximation is justified for symmetric diblock copolymers near the ODT by an analysis given by Brazovskiȋ, who concluded that the Hartree approximation correctly captures the dominant contributions to δS(q) near the spinodal of any homogeneous systems for which Landau theory predicts a second order transition to a periodic state.
To define an analogous self-consistent approximation for the auxiliary field theory, we simply evaluate all of our expressions for the one-loop correction δΩ ij (qR, χN ) and δF (qR, χN ) by replacing χ by an "apparent" χ-parameter, χ a that is defined by fitting the actual peak-intensity to the RPA, by setting
where (χN ) s denotes the RPA spinodal value. We thus evaluate the one-loop corrections using a value of χ that is chosen so that the underlying approximation for S(q) has the correct, self-consistently determined peak value. In this approximation, we have
Here, the function δS −1 (qR,χ a N ) represents the one-loop correction obtained from the perturbative one-loop theory, after subtracting UV divergent terms. In the same approximation, the microscopic parameter χ e (which is assumed to depend on temperature and details of local liquid structures, but not on N ) is related toχ a by a relationship
The self-consistent theory can be evaluated numerically by calculating the one-loop contribution for a specified sequence of values ofχ a N , and then using eq. (33) to infer corresponding values of χ e N . 
IV. RESULTS
We present the predictions of the ROL theory in this section, and compare them to the RAP and FH theories whenever possible. Since we are interested in the disordered phase throughout this work, from now on, we use wavenumbers q = |q| instead of vectors q as arguments.
A. "Ideal" Symmetric Copolymers (χ = 0)
We begin by considering the special case of a model with χ 0 = 0, in which the underlying pair interaction U ij (r) is independent of the monomer type indices i and j. This describes a homopolymer melt in which we arbitrarily label the first f A N monomers of each chain as A monomers, and the remainder as B, but in which A and B monomers are physically indistinguishable. This situation is approximately realized in neutron scattering experiments in which the two blocks of a diblock molecule contain protonated and deuterated versions of the same monomer. We refer to this as an "ideal" copolymer by analogy to the description of a mixture of two almost indistinguishable molecular species as an "ideal" solution.
We further focus our attention on the case of symmetric diblock copolymers, with f A = f B = 1/2 and b A = b B , and in which the two blocks are also structurally identical. We show in App. B that, in this case, χ a (q) = 0 for all q when χ 0 = 0. The inverse correlation function of an incompressible melt of such polymers thus is given exactly by
where F (q) is the combination of intramolecular correlation functions defined in eq. (14) . In this case, the deviation of S −1 (q) from Leibler's RPA prediction for ideal diblocks is thus entirely a result of a deviation from Gaussian single-chain statistics. Fig. 2(a) shows predictions for the normalized structure factor S(q)/cN for a melt of symmetric diblock copolymers withN = 500 and χ e = 0, as predicted by original RPA theory (dashed line) and by the ROL theory (solid line). The one-loop corrections to the RPA cause a slight increase in peak position q ⋆ , to a value slightly above the RPA value q 0 , and cause a slight enhancement in peak intensity S(q ⋆ ). Both of these trends are opposite to those found near the ODT, where composition fluctuations tend to decrease q ⋆ and suppress the peak intensity. For large q values, qR g > 5, the correction to the RPA becomes negative, and is found to decrease asymptotically as q −3 for qR g ≫ 1. The behavior in this high-q regime is identical to that found by the Strasbourg group 35, 36 for the high-q corrections to the intramolecular correlation function in a homopolymer melt.
The predicted corrections to the RPA are proportional tō N −1/2 , and so would be smaller than shown in Fig. 2(a) ) for longer chains. In Fig. IV A, we show the one-loop correction δF (q) to the random walk model for F (q), multiplied byN 1/2 to obtain a universal function of qR g that is independent ofN . Three different wavenumber regimes are visible in this representation: For small wavenumbers, qR g < 1, both F 0 (q) and δF (q) are positive, and both diverge as 1/q 2 as q → 0. We show in Sec. IV that F (q) ∝ 1/(qR AB ) 2 for qR g ≪ 1, where R 2 AB is the mean-squared separation between the centers of mass of the A and B blocks. A positive correction to F (q) in this limit thus corresponds to a negative correction to the random walk prediction for R AB . At very high wavenumbers, qR g ≫ 5, we find δF
which leads to the behavior cN δS(q) ∼ −N −1/2 (qR g ) −3 noted above. In the intermediate range 1 < qR g < 5 surrounding q 0 R g ≃ 2, however δF (q) is negative and decreases with increasing q, leading to an enhancement in S(q) and a slight positive shift in q * . The ROL theory predictions of a value of q * slightly higher than the RPA prediction, and of a value of R AB slightly less than the random walk prediction, are meaningful only if accompanied by a clear definition for the value of the statistical segment length b used in the random-walk model to which the ROL theory is compared. The way the ROL theory is derived requires that the statistical segment length in the RPA theory be defined to be that of a hypothetical system of infinite chains, by defining b 2 to be the N → ∞ limit of the ratio 6R 2 g /N in a homologous series of melts of increasing chain length N . This is the definition used by the Strasbourg group to compare their ROL predictions for the intramolecular correlation function in homopolymer melts to the results of extensive computer simulations. 35, 36, 43 B. Peak Intensity (Symmetric Copolymers, χ = 0)
We now consider how the value of the maximum S(q ⋆ ) in the structure factor for a symmetric diblock copolymer evolves with increasing χ. Fig. 4 compares predictions of the RPA, FH, and ROL theories for the normalized inverse intensity cN S −1 (q ⋆ ) vs. χ e N for symmetric diblock copolymers withN = 1000 and 10000. This corresponds roughly to the range explored by most experiments. The straight dashed line is the RPA prediction, in which S −1 (q ⋆ ) is a linear function that vanishes (or S(q ⋆ ) diverges) at χ e N = 10.495. Both the FH and ROL theories predict deviations from the RPA that decrease asN −1/2 with increasing chain length, but that remain significant at experimentally relevant chain lengths. The dots are the FH theory predictions for the values of χN at the fluctuation-induced first-order transition. The ROL auxiliary field theory does not yet provide a prediction for the this transition.
The FH theory and the self-consistent ROL theory predict similar results at large values of χ e N , where the deviations from the RPA are dominated by the effects of strong composition fluctuations with wavenumbers q ≃ q ⋆ . This is the regime that the FH theory was designed to describe, and in which it has been most successful as a description of experimentally measured scattering intensities in nearly symmetric diblock copolymers. 5, 9, [11] [12] [13] 15, 16 Note that deviations from the RPA predicted by both FH and ROL theories remain significant even far from the predicted ODT, particularly for the FH theory atN = 1000, that the differences between the FH and ROL predictions increase as χ e N decreases. The FH theory always predicts a positive correction to the RPA expression for S −1 (q ⋆ ), or a decrease of S(q ⋆ ). The ROL theory predicts a positive correction to S −1 (q) (a suppression of scattering) for χ e N 6 but a negative correction (an enhancement of S(q ⋆ )) at smaller values of χ e N . This allows the ROL predictions to interpolate smoothly between the behavior found at χ = 0, where the theory yields an enhancement of S(q ⋆ ), and behavior similar to that of the FH theory near the ODT. Fig. 5 shows a more careful comparison of the asymptotic behavior of the ROL in the limit of strong scattering. There, we show a log-log plot of the predicted one-loop correction
The square-root divergence predicted by the FH theory, given by eq. (5), is shown by the straight line. The convergence of ROL towards this line confirms the conclusion of ref.
32 that the FH and the self-consistent ROL exhibit the same asymptotic behavior near the spinodal. The differences between the two theories become significant forχ a N 9.5.
The first, and most influential, quantitative comparison be- tween the FH theory and experiments was given by Bates et al., 10 for melts of relatively high molecular weight nearly symmetric (f A = 0.55) poly(ethyl-propylene-b-ethyl ethylene) (PEP-PEE) diblock copolymer. These authors concluded that the FH theory gave a quantitatively accurate description of both the temperature dependence of the peak intensity near the ODT for systems of fixed molecular weights, and of the relationship between the ODT temperatures of several samples of different molecular weights, using a single function χ(T ) = A/T + B. In the original study,N was estimated by fitting q ⋆ (T ) to the RPA prediction, thus assuming that q ⋆ R g was constant. This gave a value ofN that varied over the range 6000 <N < 11000 for the most heavily studied sample over the experimental temperature range, which was found to correspond to a range 10.6 < χN < 12.5. Using data reported in a later work, 11 we have also estimatedN by using independently determined statistical segment lengths for homopolymers. This procedure yields noticeably lower values ofN : 3400 <N < 4300. This difference suggests that the near perfect agreement between the FH theory and the experimental results for both the scattering in the disordered phase and the ODT may be partly fortuitous. Upon comparing predictions of the FH and ROL theories in the relevant range of values of χN , however, using either method of estimatingN , we find that these theories yield very similar results for such high values ofN over the limited range of values of χN probed in these experiments. We thus doubt that it is possible to distinguish between the two theories by comparing only their predictions for the disordered state scattering intensities reported in this study. Quantitative comparisons to lower molecular weight samples over a wider range of values of χN would highlight the differences, as would comparison to computer simulations.
C. Peak Wavenumber (Symmetric Copolymers, χ = 0)
The ROL theory predicts a peak wavenumber q ⋆ for symmetric diblock copolymers that decreases slightly with increasing χ e N , with a more rapid decrease near the transition. Fig. 6 shows predictions of the normalized peak position q ⋆ /q 0 vs. χN for several different chain lengths, where q 0 = 1.946/R g is the RPA prediction. Sub-figure (a) shows the peak wavenumber vs.χ a N . Since the definition ofχ a in eq. (31) is directly related to the peak intensity, this is essentially a plot of peak wavenumber versus a measure of peak intensity. Sub-figure (b) instead shows the peak position vs. χ e N . Because χ e is expected to be a function of temperature alone, and nearly linear in 1/T , sub-figure (b) shows the predicted behavior of an experimental plot of q ⋆ vs. N for a sequence of polymers at the same temperature, or of q ⋆ vs. 1/T in a system for which the statistical segment lengths have negligible intrinsic temperature dependence (or for which the data has been plotted in a way that corrects for this effect).
The predicted value of q ⋆ is slightly larger than q 0 at χ e N = 0, as already noted in Sec. IV A, and less than q 0 near the ODT. The dots indicate the FH prediction of the value of χ e N at the first-order ODT. (The ROL theory cannot be used for this purpose, because it has not been used to predict the Quantitative comparisons to both simulation and experimental data will be presented elsewhere. The observation that q ⋆ tends to decrease with increasing χN near the ODT has sometimes been described, somewhat loosely, as a result of "chain stretching" induced by strong fluctuations near the ODT. 17 This description implies that the shift in q ⋆ is a result of change in intramolecular correlations. Because the ROL theory provides predictions of both intramolecular and collective correlation functions, it is possible for us to ask whether this is the correct interpretation. Our discussion of this question is based upon the generalized Ornstein-Zernicke equation, eq. (11), in which cN S −1 (q) is given as the sum of a term F (q) that depends only upon single-chain correlation functions and a term −2χ a (q)N that is sensitive to inter-molecular correlations. If the shift of q ⋆ were primarily a result of changes in the intramolecular correlations, we would expect it to be well approximated by a modified RPA theory in which Leibler's approximation for F (q), which assumes Gaussian chain statistics, is replaced by the function that is obtained from the predicted, slightly nonGaussian intra-molecular correlation functions, but in which we still approximate χ a (q) by a wavenumber independent value.
To clarify the origin of the dependence of q ⋆ upon χN , Fig.  7 shows the q-dependence of the predicted inverse structure factor S −1 (q) and its components, for a system withN = 500 and χ e N = 8.0. This figure shows the ROL prediction for S −1 (q), the RPA prediction S −1 0 (q), and the one-loop contributions δF (q) and −2δχ a (q)N to F (q) and −2χ a (q)N , respectively. For q near q 0 , δF (q) decreases with increasing q, while −2χ a (q)N increases. Ignoring the q dependence of −χ a (q), as suggested above, would thus yield a value of q slightly larger than q 0 . This is indeed what is found when χN = 0, where δχ a (q) = 0. The sign of this effect is independent of χN : The contribution to δF (q) that arises from deviations from Gaussian chain statistics is always a decreasing function of q that would, by itself, always tend to increase q ⋆ . The fact that q ⋆ drops to values lower than q 0 near the ODT is a direct result of the fact that −2N χ a (q) increases with increasing q, and that this effect dominates near the ODT. We conclude that the decrease in q ⋆ with increasing χN is a result of intermolecular, rather than intramolecular, correlations. Similar conclusions were reached by Binder and Fried on the basis of Monte Carlo simulations. 22 Fig . 8 shows values of the ROL predictions to δF (q ⋆ ) and −2χ a (q ⋆ )N at the peak wavenumber q ⋆ as functions ofχ a N , for a melt of symmetric copolymers withN = 1000. The intramolecular contribution δF (q ⋆ ) is always negative, and thus enhances the peak intensity S(q ⋆ ), while −δχ a (q ⋆ )N is positive, and thus suppresses the peak intensity. The predicted crossover from negative values of δS −1 (q ⋆ ) (enhanced scattering) at low values of χN to positive values (suppressed scattering) closer to the ODT is caused by a change in the relative importance of these two contributions with increasing χN .
D. Peak Intensity (Asymmetric Copolymers)
The ROL theory may also be used to describe asymmetric copolymers. We have shown elsewhere 32 that both the full MFEH theory and the ROL theory yield one-loop contributions to S −1 (q) that, in general exhibit behavior near a spin- 
The corrections to the inverse of peak intensity evaluated using the ROL theory, alongside with the component contributions from inter and intra molecular correlations, respectively, versus χaN , forN = 1000. The two components have opposite signs near the mean field spinodal. odal that can be described by an expansion of the form
where the coefficients A, B and C depend on copolymer composition f A and on the ratio of statistical segment lengths. The coefficient A of the highest order 1/τ divergence can be shown to vanish in the special case of a completely symmetric copolymer (f A = f B and b A = b B ) considered by FH, as a result of the symmetry between the two blocks. These authors took advantage of this symmetry by dropping a contribution to the MFEH one-loop theory (a Fourier integral) that is zero in this special case, but that actually yields the dominant 1/τ divergence for asymmetric copolymers. It is straightforward to show that the coefficients A and B for asymmetric copolymers are opposite in sign: The coefficient B that is retained in the FH theory is positive, and thus tends to increase S −1 (q) or decrease S(q), while A is negative for f A = 0, and thus tends to increase S(q) near the spinodal. Fig. (9) shows results of the ROL theory for the normalized one-loop contributionN 1/2 cN δS −1 (q 0 ) for modestly asymmetric and symmetric diblock copolymers with b A = b B , for systems with f A = 0.35, 0.40, 0.45, and 0.5. In the case of a symmetric polymer, the quantityN 1/2 cN δS −1 (q 0 ) increases monotonically with increasingχ a N , as also shown Fig. 5 . For the most asymmetric case of f A = 0.35, the one-loop contribution is clearly a non-monotonic function of χ a N , which increases with increasingχ a N far from the spinodal, but then decreases rapidly near the spinodal. This is a result of the competition between the A/τ term with A < 0, and the B/ √ τ term, with B > 0, in eq. (35). For asymmetric copolymers, SCFT predicts a first-order ODT. The two vertical dotted lines in each figure are SCFT predictions for the values of χN at the spinodal (the larger value) and at the ODT (the smaller value). For f A = 0.5, these values are equal. Note that, for the most asymmetric copoly- mer, with f A = 0.35, the maximum inN 1/2 cN δS −1 (q 0 ) appears at a value of χN significantly below the SCFT ODT value. The theory thus suggests that strong fluctuation effects that are qualitatively different from those found for symmetric copolymers could appear within the disordered phase of asymmetric copolymers.
In the results shown in Fig. (9) , the input parameter χN may be calculated using either the SCFT interaction parameter χ e , to obtain a perturbative form of the ROL theory, or using the apparent interaction parameterχ a , to obtain a selfconsistent Hartree approximation. The distinction between these two approaches is unimportant far from the ODT, where both yield small corrections to the RPA, but become important near the ODT, where the predicted corrections become large. Brazovskiȋ argued that the Hartree approximation should be accurate near the crystallization transition in a class of systems with a scalar order parameter field that exhibits strong fluctuations at a nonzero wavenumber q * , and in which a Taylor expansion of the effective Hamiltonian has a vanishing cubic term (leading to a second-order transition in Landau theory) and a small quartic term. His analysis justifies the use of a Hartree approximation for symmetric copolymers, for which the cubic term in the Landau theory must vanish by symmetry, in the limitN → ∞, in which the effects of the quartic anharmonicity become small. It does not, however, justify the use of a Hartree approximation for strongly asymmetric copolymers. Fig. 10 shows the results obtained if (despite the above discussion) we use the self-consistent (Hartree) ROL theory to calculate S(q * ) for asymmetric diblocks with f = 0.35 and N = 1000. For sufficiently small values of χ e N , the behavior is similar to that shown in Fig. 4 for symmetric diblocks.
For χ e N close to 12, however, we see an unphysical turning point, leading to a predicted value of cN S −1 (q * ) that is a multivalued function of χ e N . The behavior is similar to that obtained in previous attempts to use a Hartree approximation to describe the peak scattering intensity at q = 0 in off-critical polymer blends. 34, 37 In the example shown here, the turning point occurs at a value of χ e N that is below both the SCFT prediction of the ODT for this value of f A and below the FH prediction of (χ e N ) c ≃ 14.6 for the ODT of a symmetric copolymers withN = 1000. Both of these values are presumably less than the true value of χ e N at the ODT for this system. This indicates that the self-consistent ROL is almost certainly not an adequate description of moderately asymmetric copolymers near the ODT. We do, however, expect either form of ROL to accurately describe small corrections to the RPA farther from the ODT.
E. Molecule and Block Dimensions
Previous theoretical and simulation studies have characterized the statistics of individual chains primarily by examining how the radii of gyration of entire chains and of the A and B blocks change with χN . Let R g be the radius of gyration of an entire copolymer, and let R g,i be the radius of gyration of the i block (i =A or B). Let R 2 AB be the mean-squared distance between the centers of mass of the A and B blocks. These quantities are related to each other by
They, respectively, are also related to the low-q behavior of the intramolecular correlation functions Ω ij (q), in the Guinier regime qR ≪ 1, by relations of the form where we have
and an analogous expression for L 2 BB . Using these expressions, it is straightforward to show that F (q) diverges like 1/q 2 as q → 0 and that
in the same regime. Fig. 11 shows the χ dependence of the one-loop corrections to R −1/2 at χN = 0, is the same as that found previously for monodisperse homopolymers. 37 As already noted, these predicted deviations in chain dimensions are all defined as deviations from the predictions of a random walk model in which the statistical segment length is defined to be that of a hypothetical system of infinite chains. Because the deviation is negative and decreases asN −1/2 with increasing N , it implies that longer chains are slightly more swollen than shorter ones. The reasons for this N -dependent deviation from random walk statistics has been discussed previously by Beckrich et al. 35 As χ increases, the mean-squared distance R 2 AB between the block centers of mass increases, while the block radii of gyration decrease slightly. This qualitative trend has been previously predicted 31 and observed in simulations. 22 The phenomena is consistent with the idea that the two blocks avoid increasingly unfavorable AB contacts by shrinking and by moving away from one another. The deviation of the total radius of gyration from the random walk value is negative and almost independent ofχ a N forχ a N 9, but increases rapidly withχ a N near the spinodal. The predicted corrections to all these quantities diverge like τ −1/2 close the spinodal, as does the correction to the inverse peak intensity. These divergences are pre-empted by the appearance of a first-order transition. ForN = 500, the predicted fractional changes in R g , R AB , R g,A between χN = 0 and χN = 10 are 2.5%, 9.4% and -5.5%, respectively.
For comparison, Fig. 11 also shows the fractional change in the squared peak wavelength 1/(q ⋆ ) 2 as a function ofχ a N , which increases monotonically with increasing χN . Note that the fractional change in 1/q 2 is predicted to increase notably more rapidly with increasingχ a N than either R 2 AB or R 2 g , in agreement with simulation results. This comparison is enough to show that it is impossible to quantitatively account for the shift in value of the nonzero peak wavenumber q ⋆ by examining overall chain dimensions or (equivalently) the low-q behavior of the single-chain correlation function. The above analysis of the behavior of F (q) for q near q ⋆ indicates, moreover, that any attempt to interpret the shift in q ⋆ as a direct result of change in intramolecular correlations is actually qualitatively wrong. Fig. 12 shows how the same measures of chain and block sizes depend on copolymer composition f A in melts of asymmetric copolymers. Fig. 12(a) shows the results for δR 2 AB and Fig. 12(b) for δR 2 g,A . In both plots, the x axis is the ratio ofχ a N to its spinodal value. δR 2 AB shows a relatively weak dependence on f . For highly asymmetric copolymers, the radius of gyration of the minority block shrinks much more than the majority block, and the majority block increases with increasingχ a N near the spinodal.
V. CONCLUSIONS
We have presented quantitative predictions of the ROL theory for corrections to the RPA description of correlations in disordered diblock copolymer melts. The theory is expected to have a wider range of validity than the earlier FH theory and its descendants, and makes independent predictions about intramolecular and collective correlation functions.
When applied to symmetric diblock copolymers, the ROL theory yields predictions that are similar to those of the FH and BF theories near the ODT, but that are qualitatively different in the limit of low χN values. The ROL theory predicts a depression of the peak scattering intensity S(q ⋆ ) near the ODT but a slight enhancement in S(q ⋆ ) for χN 6, and decrease in q ⋆ near the ODT but a slight increase at small values of χN , relative to RPA predictions. In the limit χN = 0, these deviations from RPA predictions are direct results of the deviations from Gaussian single-chain statistics in a dense polymer liquid that have been studied previously by the Strasbourg group. 35, 36 Near the ODT, corrections to the RPA are instead dominated by corrections to the apparent interaction parameter χ a (q).
Like the BF theory, the ROL theory predicts a monotonic decrease in q ⋆ with increasing χN . The ROL theory also predicts a shrinkage of individual blocks, and an increase in the distance between the A and B blocks, in agreement with simulation results. We have tried to further clarify the physical origin of the shift in q ⋆ by comparing the results of the full theory to those of a simplified theory in which we take into account the predicted deviations from single-chain statistics, via the function F (q), but approximate the apparent interaction parameter χ a (q) by a parameter that is independent of q. In this simplified theory, the effect of deviations from Gaussian statistics alone would actually be to increase q ⋆ above the value predicted by the RPA, as is found in the regime χN 6 in which this intramolecular effect dominates the correction to S(q). The decrease in q ⋆ with increasing χN is instead found to be a result of the q-dependence of the apparent interaction parameter, and is thus best understood as a result of changes in intermolecular rather than intramolecular correlations.
When applied to asymmetric diblock copolymers, the ROL theory predicts a correction to the RPA prediction for S −1 (q ⋆ ) that increases with increasing χN far from the spinodal transition, but that reaches a maximum and then begins to decrease very near the spinodal. Applying the "Hartree" approximation that underlies the Brazovskiȋand FH theories to asymmetric polymers yields strikingly unphysical results near the ODT.
A comparison of the predictions of the ROL and FH theories for symmetric copolymers over the range of parameters examined in the neutron scattering data of Bates, Rosedale and Fredrickson 10 suggests that it would be difficult to discriminate between these two theories on the basis of these experiments, which were carried out over a limited range of values of χN in a model system of unusually high molecular weight. We will compare both theories to the results of computer simulations of shorter polymers over a wide range of values of χN in a subsequent paper. eq. (B1). The scalar intramolecular correlation function Ω(q) of eq. (B1) is given by the sum Ω(q) = ij Ω ij (q). The intermolecular contribution to S ij (q) is simply H(q)/4 in eq. (B2) because each inter-molecular pair in the one-component liquid has an equal probability of being labelled AA, BB, AB or BA by a process in which one end one end of each chain is labelled A and the other B at random.
Because the matrices S ij (q) and Ω ij (r) must be invariant under an exchange of the labels A and B, the eigenvectors of S ij (q) and Ω ij (q) must thus be proportional to the even and odd vectors δ ≡ (1, 1) , ε ≡ (1, −1) .
It follows that S ij (q) may be expressed as a sum S ij (q) = S + (q)δ i δ j /2 + S − (q)ε i ε j /2,
in which S + (q) and S − (q) are its eigenvalues. Let Ω + (q) and Ω − (q) be the corresponding eigenvalues of Ω ij (q). By contracting eq. (10) for S ij (q) with ε to project onto the odd subspace, it is straightforward to show that
By projecting the Ornstein-Zernicke equation for S −1 ij (q) onto the odd subspace, and using the fact that S 
It follows immediately from eq. (15) that χ a (q) = 0 in the incompressible limit. One-Loop Theory: To calculate δχ a (q) in the one-loop theory, we start from eqs. (27) and (28) for δC ij (q). When χ 0 = 0, eq. (19) for G ij (q) reduces to a scalar G(q) = 1/Ω(q). As a result, the summation over k, m and l, n in eq. (28) can be carried out separately. By defininḡ
we may rewrite eq. (27) as
where we have used the fact thatΩ i (q, k) =Ω i (−q, −k).
For a symmetric diblock copolymer, however, we also havē Ω A (q, k) =Ω B (q, k), as a result of the symmetry under an exchange of the labels of the A and B monomers. Using this in eq. (B8) yields an expression for δC ij (q) that is independent of the indices i and j. 
To obtain the self-consistent ROL theory, the parameter χ should be replaced by the self-consistently determined value ofχ a N throughout the above. The resulting approximation for q ⋆ is compared to results of the full theory in Fig. 13 . The quality of the fit evidently improve asN increases, and is adequate for most purposes forN 500.
